ABSTRACT: Co-gasification of fast pyrolysis oil and black liquor can be used to increase the size and improve profitability of 7 pulp mill integrated biorefineries. The acids present in pyrolysis oil limit the amount that can be mixed into black liquor without 8 causing precipitation of the black liquor dissolved lignin. This work shows that a simple model based on pyrolysis oil total acid 9 number, including weak phenolic acids, can be used to predict the maximum pyrolysis oil fraction in blends. The maximum oil 10 fraction is 20−25% for typical pyrolysis oil but can be increased up to at least 50% mass, corresponding to 70% energy, by 11 addition of base. Thermodynamic equilibrium calculations are used to understand the effects of blend composition, including any 12 added base, on the performance of a commercial scale gasification process. A substantial increase in overall gasification efficiency 13 is observed with increasing pyrolysis oil fraction.
It has recently been proposed that cogasification of pyrolysis 48 oil and black liquor can be used to increase the size and 49 flexibility of BLG based biorefineries and to improve profit-50 ability. 24 The thermodynamic simulation process conditions are mainly based 225 on operational data from the LTU Green Fuels pilot gasifier in Pitea, 226 Sweden; the most important being a global temperature of 1050°C. 227 Heat loss as expected in a full scale implementation of the technology 228 was used as further discussed in the Results and Discussion section. 229 Feedstock and oxygen preheat to 150 and 100°C respectively was 230 assumed. The model, as used here, uses an energy balance iteration to 231 calculate the oxygen flow required to reach the stipulated global 232 gasifier temperature. Hence, required oxygen flow is an output of the 233 model. The global process temperature in the simulations is set based 234 The simulation model includes simple models for gas quenching 240 and cooling that accounts for carbonyl sulfide (COS) hydrolysis, based 241 on empirical data.
14 The model does not account for tar formation, 242 which has been shown to represent approximately 1% of fuel carbon 243 for BLG, or unconverted char, which has been shown to be 244 negligible. 17 It is important to note that the primary aim of this 245 work is to study changes in gasifier performance, primarily cold gas 246 efficiency and oxygen consumption, due to changes in the fuel mix fed. 247 Hence, assumptions that are not strictly valid but influence all 248 simulations in a similar manner are less relevant than if the model was 249 used for other purposes. Table 2 . valid on both dry and wet basis. Results are shown in Figure 5 . 415 As noted above, these results are conservative, since the It is very important to note that Na/C is higher than the 432 approximate critical limit for catalytic activity extracted from the 433 work of Verril et al. 18 and also higher than Na/C than the pilot same global reactor temperature. Gasifier oxygen requirement is 454 7a. The slope change, most easily seen in the oxygen-to-fuel 455 equivalence ratio (lambda), is due to the required addition of 456 NaOH for >20% FPO. The lower oxygen requirement is 457 explained primarily by the lower ballast (less inorganics that 458 need to be heated), which leads to a higher heating value for 459 high FPO mixtures; LHV on wet basis is 8.9 MJ/kg for pure BL 460 and 11.6 MJ/kg for the highest FPO mixture, as shown in 461 Figure 6b .
462
Resulting cold gas efficiencies (CGEs) from the simulations 463 are shown in Figure 7b . CGE-based on SF-LHV is the most 464 relevant of the CGE metrics shown since it accounts for the fact 465 that sulfur heating value cannot be utilized as discussed above. 466 It can be noted that SF-LHV CGE increases from 73% to 80% 467 with increasing FPO fraction. The corresponding numbers for 468 LHV CGE are 65% and 77%. In BLG and the cogasification technology BL inorganics are 522 recovered in an aqueous solution called green liquor (GL), 523 mainly in the form of carbonate, Na 2 CO 3 . and sulfide, Na 2 S. In 524 the chemicals preparation section of the pulp mill, the 525 carbonate is transformed to the active pulping chemical 526 NaOH by reaction with calcium oxide, which is called 527 causticizing, Any NaOH added to the BL/FPO mixture to 528 keep lignin in solution will end up in the GL together with the 529 Na content in the BL and can be transformed to NaOH 530 together with the rest of the carbonate in the GL stream, which 531 enables reuse of the added NaOH but leads to some costs for 532 the extra capacity required in the causticizing process.
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The calculations presented in Figure 6 were made using a 534 typical BL residual alkali, as noted above, but in practice f8 535 residual alkali is not constant. Figure 8 shows the distribution of 536 residual alkali in the BL from the Smurfit Kappa Kraftliner Pitea5 37 mill, which is the source for the BL used in the experiments. 538 The value used in the calculations, 34.7 g of NaOH/kg BL 539 corresponding to 46.3 g of NaOH/kg BL solids, matches the 540 mean of the distribution (50.1 g NaOH/kg BL solids) well but 541 if the 10th and 90th percentiles of the distribution are 542 considered the amount of FPO that can be mixed without 543 NaOH addition varies by ±21% (relative). An unexpected 544 decrease in BL residual alkali would potentially create 545 operational problems in a cogasification process by leading to 546 lignin precipitation and thus a feedstock slurry that is difficult to 547 handle. In addition, the gasifier simulation results indicate 548 clearly the benefits of not adding more NaOH than required to 549 keep the FPO/BL mixture homogeneous. Hence, control and 550 monitoring of BL residual alkali will be important in a pulp mill 551 that supplies BL to a cogasification process. If practically 552 feasible, an approach including a pH measurement of the 553 mixture could be very useful to improve gasification efficiencies 554 by not adding more NaOH than necessary while still keeping 
